In N,-fixing legumes, the proportion of total electron flow through nitrogenase (total nitrogenase adivity, TNA) that is used for N, fixation is called the electron allocation coefficient (EAC). Previous studies have proposed that EAC is regulated by the competitive inhibition of HZ on N, fixation and that the degree of HZ inhibition can be affeded by a nodule's permeability to gas diffusion. To test this hypothesis, EACwas measured in soybean (Clycine max 1. Merr.) nodules exposed to various partial pressures of H, and N, , with or without changes in TNA or nodule permeability to gas diffusion, and the results were compared with the predictions of a mathematical model that combined equations for gas diffusion The empirical data clearly showed that decreases in EAC were associated with increases in external pH2, decreases in external pNz, and decreases in nodule permeability to O, diffusion. l h e model predided similar trends in EAC, and the small deviations that occurred between measured and predicted values could be readily accounted for by altering one or more of the following model assumptions: Ki(Hz) of nitrogenase (range from 2-4% H, ), K,,,(Nz) of nitrogenase (range from 4-5% N, ), the allocation of less than 100% of whole-nodule respiration to tissues within the diffusion barrier, and the presence of a diffusion pathway that is open pore versus closed pore. The differences in the open-pore and closed-pore versions of the model suggest that it may be possible to use FAC measurements as a tool for the study of legume nodule diffusion barrier structure and function. The ability of the model to predict EAC provided strong support for the hypothesis that Hz inhibition of N, fixation plays a major role in the in vivo control of EAC and that the presence of a variable barrier to gas diffusion affects the Hz and N, concentration in the infected cell and, therefore, the degree of Hz inhibition.
other substrates besides Nz and H+ can be reduced. For example, acetylene reduction to ethylene is commonly used as an assay of nitrogenase activity. The EAC describes the proportion of total electron flow through nitrogenase that is used in N2 fixation to NH3 (Edie and Phillips, 1983) . The Hz produced during N2 fixation may be partially or entirely reoxidized by a bacterial Hup enzyme that is expressed in many legume symbioses. In Hup-, HZ evolution can be measured and used to monitor either relative nitrogenase activity during NZ fixation (Hunt and Layzell, 1993) or T N A when, in the absence of the substrate N2 and other nonphysiological substrates, Hz is the only product of nitrogenase.
Under conditions where rhizosphere p02 and pNz are close to atmospheric levels, EAC values of 0.4 to 0.9 have been measured (Edie and Phillips, 1983; Layzell et al., 1984; Drevon et al., 1986; Hunt et al., 1987 Hunt et al., , 1989 Walsh et al., 1987; Vessey et al., 1988a Vessey et al., , 1988b Sung et al., 1991; Diaz de1 Castillo et al., 1992) , with the most commonly reported values between 0.60 and 0.72. The maximum EAC seems to be 0.75, observed by Simpson and Bums (1984) in Azotobacter vinelandii nitrogenase under a pNz of up to 50 atm. In addition to being a by-product of the nitrogenase reaction, H2 acts as a competitive inhibitor of Nz fixation (Wilson, 1940; Guth and Bums, 1983; Rasche and Arp, 1989) . In vitro studies have shown that under high pH2 or low pN2, more electrons are routed to HZ production and fewer to Nz fixation, whereas T N A does not change. An apparent Ki(Hz) for N2 fixation in Hup-soybean bacteroids has been reported at 3.2% in the gas phase (Rasche and Arp, 1989) , which is in the range of pHz measured in Hup-nodules (0.8-2.7% HZ; Rasche and Arp, 1989; Witty, 1991; Denison et al., 1992) . A variety of mechanisms have been proposed to account for the in vivo regulation of EAC in N2-fixing organisms. For example, it has been proposed that electron flow through nitrogenase may regulate EAC since T N A values were correlated with EAC in studies with isolated nitrogenase enzyme Plant Physiol. Vol. 104, 1994 (Hageman and Burris, 1980) . Consistent with this suggestion was the observation from studies of intact pea bacteroids that higher ATP/ADP ratios were positively correlated with EAC (Haaker and Wassink, 1984) . If this mechanism were to operate in legume symbioses, then coupled increases in T N A and EAC should be observed. However, studies to date have not shown a clear connection between changes in T N A and changes in EAC. Decreases in T N A have been reported to be accompanied by increases in EAC (Dixon and Blunden, 1983; Edie and Phillips, 1983; Vessey et al., 1988a) , by no change in EAC (Walsh et al., 1987; Vessey et al., 1988b; Diaz de1 Castillo et al., 1992) , or by decreased EAC (Sung et al., 1991) .
The negative correlation between T N A and EAC reported by Dixon and Blunden (1983) led to the hypothesis that EAC in legume nodules is regulated by H2 inhibition of N2 fixation (Dixon and Blunden, 1983; Moloney and Layzell, 1993) . In legume nodules, the presence of a variable, physical bamer to gas diffusion in the inner cortex (Layzell and Hunt, 1990) would be expected to restrict H2 diffusion out of the nodule, thereby exacerbating H2 inhibition of N2 fixation. Recently, a mathematical model was constructed to examine the theoretical relationships among the competitive inhibition of N2 fixation by H2, the diffusive resistance of legume nodules to 02, H2, and Nz diffusion, and the predicted EAC of nitrogenase (Moloney and Layzell, 1993) . This study concluded that H2 inhibition of NZ fixation could account for the observed values for EAC in legume nodules and predicted that EAC values would increase with decreases in TNA.
The present study extends this approach by providing empirical data to test the predictive capabilities of the model. Gas-exchange systems were used to measure various components of nitrogenase activity in soybean (Glycine max L.
Merr.) nodules in atmospheres that differ in one or more of the following factors: (a) extemal pH2, (b) TNA, (c) diffusion barrier permeability (varied by adapting nodules to various external pOz), or (d) external pN2. Some of the data used to test the model are presented in this study and other data are drawn from previously published reports.
MATERIALS AND METHODS

Plant Culture and Experimental Conditions
Soybean seeds (Glycine max L. Merr.) cv Harosoy 63 (experiment 1) or cv Maple Arrow (experiment 2) were inoculated with strain USDA 16 of Brudyrhizobium juponicum, a strain that lacks uptake hydrogenase activity (Layzell et al., 1984) . Plants were grown as described previously (Hunt et al., 1987) in a growth cabinet with an illumination of 400 pmol quanta PAR m-' s-l with a 16-h photoperiod at 2OOC. They were watered twice daily with a nutrient solution containing 0.5 m~ NOs-for 2 weeks after planting, and with an N-free nutrient solution thereafter (Walsh et al., 1987) .
When the plants were 30 to 40 d old, they were used in one of two experiments. Experiment 1 was camed out in a temperature-controlled room at 22OC. In experiment 2, the plants were maintained in a growth chamber (model E8, Controlled Environment Corp., Winnipeg, Manitoba, Canada) equipped with an open-flow gas-exchange system that replicated growth conditions. Figure 1 shows the system that was used to mix the gases and measure nitrogenase activity and nodule respiration. N2, Ar, and Hz were blended by a series of computer-controlled, mass flow controllers (Hunt et al., 1989) , and then the efflux was passed to a pump (model NA27/3A, H. Wosthoff GmBH, Bochum, Germany), where it was mixed with O2 to provide a gas stream that could be combined with either Ar (during measurement of H2 evolution or 15N2 fixation) or CZHZ (for use in the ARA). The C2H2 was generated from calcium carbide and water, and a11 other gases were from tanks of compressed gas (Canox, Kingston, Ontario, Canada). To minimize venting of C2H2 gas into the laboratory, the appropriate mixture of 10% (v/v) C2H2 and balance gases was collected in a plastic bag before the start of the experiment. The bag was then attached to the gas-exchange system during the ARA.
The gas analysis system ( Cas mixing and analysis system used for measurement of nitrogenase activity and C 0 2 exchange in excised nodules (experiment 1). Three computer-controlled, mass flow controllers (MFC-1 to MFC-3), each having a capacity of 5 L/min, and one controller with a capacity of 1 L/min, were used to prepare gases having various Ar, H2, and N2 concentrations. Two Wosthoff pumps were used to provide the final O2 and C2H2 concentrations (pO2 and pC2H2) in the gas phase that was provided by the mass flow controllers. A peristaltic pump (Pump) in the gas-analysis system was used to flush the gas mixture through the closed and open gasexchange system. The operation of this system is described in the text.
spectrometer inlet that could be switched between open and closed modes with a four-way ball valve No. 2 (model B-43 YF2, Whitey Co., Highland Heights, OH). In the closed system mode, the gas moved from the four-way valve No. 2 through a soda lime column to remove COZ, to a peristaltic pump (model 165 Sigmamotor, Middleport, NY), and then into a 4-mL nodule cuvette. From the cuvette, the gas stream passed over the membrane (dimethyl silicon rubber) inlet of a mass spectrometer (model MM-8E, VG GAS Analysis, Middlewich, UK), and back through the four-way valve to the beginning of the loop. The loop also incorporated a 1-mL syringe that was used to check the system for leaks at the commencement of each experiment and a water-filled manometer that was used to monitor pressure changes in the system in closed mode. In the open mode, fresh gas was drawn by the peristaltic pump into the four-way valve No. 2, into the COz scrubber, and then pushed through the loop. The effluent of the loop was flushed past a bank of I-mL syringes (for sampling for ARA), through a Mg perchlorate drying tube, and into the HZ and COz analyzers. Flow rates through the gas-exchange system in the open configuration were determined with an electronic bubble flowmeter (Gilibrator model, Gilian Instrument Corp., Wayne, NJ) at the beginning and end of each experiment.
Nodules were removed from intact soybean plants and gas-exchange measurements began within 1 min of excision (Sung et al., 1991) . The nodules were loosely packed into the cuvette (about 30 nodules/cuvette) with a wet paper towel to provide hydration. At the beginning of each experiment, nodules were exposed to an atmosphere of N2:Ar:02 (40:37.5:22.5) and rates of H2 and COz evolution were measured as described previously (Hunt et al., 1987) . To measure TNA, the Nz component of the gas phase was replaced with Ar (i.e. Ar:02, 77.5:22.5) by tuming four-way valve No. 1 (Fig. 1) to direct Ar to the Wosthoff pumps. After 7 to 10 min, this valve was retumed to its initial position (NZ supplied to the Wosthoff pumps) and the nodules were exposed to the original gas mixture. When H2 evolution rates had stabilized (about 5 min), the computer was programmed to replace some of the Ar (MFC-3) with H2 (MFC-4) to give a final concentration of O, 7, 14, 21, or 27.5% (v/v) Hz in the gasexchange system. The H2 analyzer was disconnected from the gas stream during exposure to the high pHz. After 5 min, the gas phase in the loop was then replaced with a gas mixture containing 40% (v/v) l5NZ and similar levels of Oz, Ar, and HZ. This gas mixture was prepared in 60-mL batches in a plastic syringe and injected through four-way valve No. 2, thereby replacing the gas volume of the loop (Fig. 1) . The pump was shut off and pressure was relieved from the pump tube during this time. As soon as the l5NZ was injected, fourway valve No. 2 was switched to provide a closed system and the pump was restarted. The mass spectrometer monitored the m/z (mass/charge) ratios of 28 (14Nz), 29 (14N15N), and 30 (l5NZ) every 30 s, and from this information the specific activity of the l5NZ in the gas phase was calculated.
During this time, the manometer ( Fig. 1) showed a decrease in pressure as the Oz in the closed system was consumed and as the COZ was absorbed. The measured decline in pressure over the 15-min incubation period (about 0.005 atm) showed that the pOz in the gas phase remained between 22 and 22.5% Oz during the 15-min 15N2 exposure.
After the 15-min exposure to l5N2 in the closed configuration, four-way valve No. 2 was switched to provide an open system and the nodules were flushed with a gas phase having the same pN2 (as l4NZ), pOz, and pHz. C2H2 replaced 10% of the Ar in the gas phase to permit measurement of TNA. The effluent gas stream was directed past a Plexiglas tube containing approximately 30 septa, each with a 1-mL syringe. One-milliliter syringe samples of this gas stream were collected and analyzed for C2H4 as described previously (Layzell et al., 1984) every 10 s for 5 min following the introduction of C2H2 into the nodule atmosphere. Finally, the nodules were dried (8OOC for 72 h), weighed, and stored for subsequent analyses of total N and 15N content.
Nodule Analysis
The dried nodules were ground to a fine powder using a mortar and pestle and subsamples of 8 to 11 mg dry weight were converted to NZ by a modified Dumas procedure (Fiedler and Proksch, 1975) . The combustion was carried out in quartz tubes (25 cm length, 6 mm o.d., G.M. Associates, Inc., Oakland, CA) that had previously been sealed at one end, washed, and prefired at 500OC. The nodule material was combined with 1.5 g of CuO wire (C-474, Fisher Scientific Co.) and 2 g of Cu (4649, fine granular, Mallinckrodt, Inc.) in each tube and the tubes were evacuated of air, sealed, and fired at 8OOOC for 8 h. Three to five replicate tubes were prepared from each set of experimental and control nodules.
Subsequent mass spectrometric analyses were performed on the gas samples prepared by the Dumas combustion procedure. Gas from sample tubes was released into a specially modified batch inlet of the mass spectrometer. The Nz gas was purified by first freezing out contaminating COz and H 2 0 with liquid N2, and subsequently absorbing the remaining Nz gas onto a molecular sieve 5A column (Fisher Scientific Co.) that was held at -196OC. Any other contaminating gases were removed under vacuum before heating the molecular sieve column to release the bound NZ gas. The gas was expanded into a I-L volume, where its total pressure was measured with a pressure transducer (600 Series Barocoel, Datametrics, Dresser Industries, Inc., Wilmington, MA) to measure the total N content of the plant tissue. The pressure method of measuring total N was compared and found not to be significantly different (two-tailed t test at P < 0.05) from values for total N obtained by analyzing random samples on a micro CHN analyzer (Leco CHN 600, St. Joseph, MI) (data not shown).
The gas then entered the mass spectrometer for isotopic analysis of m/z ratios of 28 (14N2), 29 (14N15N), and 32 (l6OZ). The m/z ratio of 32 (l6OZ) was monitored to check for air leaks.
Experiment 2: Effect of pNz on FAC of Soybean Plants at Various pOz
In this experiment, HZ and COZ efflux rates of intact soybean plant root systems were measured at 20, 40, and 60% Oz and at a range of pNz levels. This design permitted Plant Physiol. Vol. 104, 1994 the analysis of any substrate level (pNz) effects on EAC independently from possible effects mediated though the extemal pOz level.
A computer-controlled gas-blending system (Hunt et al., 1989 ) was used to maintain pOz at 20% while the pNz was increased linearly (ramped) between O and 10% at 1 to 1.5% Oz/min, and between 10 and 80% NZ at 3%/min. Ar was used to maintain the total pressure at near 1.0 atm. T N A was measured by replacing a11 Nz with Ar for a brief period before and after the Nz ramps.
When gas-exchange rates had been obtained at 20% Oz and at a11 pNz values from O to 80% Nz, the pOz was ramped slowly to 40% Oz over 70 min (0.286% Oz/min). The same ramp rate was used to change p02 from 40 to 60% 0 2 . A previous study (Hunt et al., 1989) has shown that this treatment allows the nodules to decrease their permeability to O2 gradually while maintaining nodule metabolism and nitrogenase activity. When the root systems were exposed to 40 and 60% Oz, the pNz was ramped between O and 60% Nz, and between O and 40% Nz, respectively, at the same rates used for the 20% Oz treatment. EAC values were calculated as 1 -(Hz evolution in N2:OZ/H2 evolution in Aroz).
The Model
The experimental data were compared with predicted values for EAC obtained using a mathematical model (Moloney and Layzell, 1993) incorporating the combined effect of (a) competitive inhibition of Hz on NZ fixation, and (b) the presence in legume nodules of a physical barrier to Hz, N2, and 0 2 diffusion. In brief, the model began by using measured values for nodule respiration, nodule size, and nodule number to calculate 0 2 flux and nodule permeability to O2 diffusion. In experiment 2, nodule respiration was determined as the difference in the respiration rate of nodulated and denodulated roots (Walsh et al., 1987) . The conversion of nodule respiration from COz to O2 flux assumed a respiratory quotient (CO2:02) of 1.1:l (Layzell et al., 1988) . The values for nodule permeability were then used in diffusion equations (eq. 4 in Moloney and Layzell, 1993) Unless othenvise stated throughout the text, gas concentrations are presented as the percent of a11 gases present, assuming that ideal gases are in equilibrium with an atmosphere of 1 atm total pressure. Also, a11 mean values are presented f SE.
RESULTS AND DlSCUSSlON
Measurements of Nitrogenase Activity in Excised Nodules
Traditional methods for assessing EAC involve determination of both electron flow to Hz production in air, measured as HZ evolution, and total electron flow through nitrogenase, measured as either CzHz reduction or as Hz evolution in Ar:Oz (Edie and Phillips, 1983) . In the present study, an alternative approach was required because the presence of high pHz in the gas treatments precluded the use of HZ evolution as a technique for quantifying various components of nitrogenase activity. Consequently, it was necessary to measure I5N2 fixation under highly controlled atmospheric conditions. The high cost of I5N2 required a small, closed, gas-exchange system and excised soybean nodules were chosen as the study material.
Nodule excision is known to cause a rapid decrease in nitrogenase activity (Sprent, 1969; Hunt et al., 1987) , such that by 40 min after excision, nodule specific activity is only about 20% of that in intact nodules (Sung et al., 1991) . This decline has been attributed, in part, to coupled declines in diffusion bamer permeability and infected cell02 concentration (Oi) following nodule excision (Hunt et al., 1987; Sung et al., 1991) . In the present study, the time course of the decline in nitrogenase activity (Fig. Z) , measured as HZ evolution in air, was similar to that described previously (Sung et al., 1991) . At 45 min after excision, T N A measured as HZ evolution in Ar:OZ was 37.1 f 3.1 pmol H2 g-' dry weight,,d h-' (n = 30), a value that was 16% of the rates typical of intact soybean plants (228 pmol Hz g-' dry weight,,d h-'; Hunt et al., 1989) . Despite this decline in activity, the EAC of the excised nodules (0.63 +-0.01, n = 30) was similar to that in intact, attached nodules (Hunt et al., 1987; Vessey et al., 1988b) . Therefore, the excised nodules were assumed to be a suitable material for studying the in vivo regulation of EAC.
After the initial measurement of H2 evolution in Ar:OZ in the excised nodules, the nodules were given a 5-min pretreatment at various pH2 and then exposed for 15 min to I5Nz at the same pHz (Fig. 2) . In the nodules that had no extemal HZ supplied (controls), T N A was estimated by summing electron flow to I5Nz fixation (nf, 0% H2 treatment, Fig. 2 ) and HZ evolution in air (h, Fig. 2 ). This value (32.6 f 10.5 pmol 2e-g-' dry weightnOd h-', n = 5) was not significantly different from the rate of HZ evolution in A r 0 2 ( p u , Fig. 2 ) (34.1 f 15.4 pmol 2e-g-' dry weightnd h-I, n = 6), or from rates obtained from the subsequent C2H2 reduction assay (pc, Fig.  2 ) (30.1 f 11.3 pmol 2e-g-' dry weightnOd h-', n = 6).
Therefore, we had confidence in our measurements of 15N2 fixation. Also, because no significant differences in T N A were observed between HZ treatments (data not shown), only the (O) of excised soybean nodules exposed to a variety of atmospheric conditions (summarized across the top of the figure) using the gas-exchange system described in Figure  1 . Nodules were excised at O min and the first measurements were made 10 min after excision. Nitrogenase activity was initially measured in an open gas'exchange system as H2 evolution, first in Ar:NZ:O2 (37.5:40:22.5), then in Ar:02 (77.5:22.5) (pa), then back in Ar:N2:02 (37.5:40:22.5). When steady-state rates of H2 evolution were obtained in the second 40% N2 exposure (h), a portion of the Ar in the gas phase was replaced with O, 7, 14, 21, or 27.5% H2. After 5 min of pretreatment at the experimental pH2, the gas phase was replaced with a similar gas phase, but containing the stable isotope 15N2. The system was closed for 15 min to permit recycling of the labeled gas so that subsequent measurements of N2 fixation ( n f ) could be made by 15N incorporation into dry matter. At the end of the "N2 treatment (T = about 72 min), the system was opened and flushed with an atmosphere containing 10% C2H2 and the experimental pH2. The pc was noted. Because no significant differences in pc values were measured between pH2 treatments, only mean pc values were plotted for all pH2 treatments. Therefore, values for nitrogenase activity (including pa, h, and pc) and C 0 2 evolution collected during open gas-exchange analysis are presented as the mean (+SE) of 30 samples. The bar graphs summarize values (+SE of 5 or 6 samples) for nf for each treatment pH2, assuming three electron pairs per N2 fixed. The vertical dashed lines denote times when the gas composition was changed. mean p c value from a11 treatments (30.1 f 1.9 pmol 2e-g-' dry weightnd h-', n = 30) was plotted in Figure 2 .
Despite the lack of significant differences in the three measures of specific nitrogenase activity, it is important to note that within any one sample, a consistent decline was observed in T N A with time. For example, calculated values for pc/pa ratio were 0.88 f 0.05 (n = 30), revealing a 12.3 f 4.6% (n = 30) decline in nitrogenase activity over the 30-min period from 45 to 75 min after detachment. This decline in nitrogenase activity was attributed to nodule detachment, but because EAC values did not change with time of detachment (see below), this observation was seen to be of little consequence to the conclusions of this study.
The Effect of pH2 on EAC in Excised Nodules
from a variety of equations, including:
The data of Figure 2 can be used to calculate EAC values
In the 0% H2 treatment (n = 5), the EAC values were 0.61 f 0.01, 0.61 f 0.01, and 0.62 f 0.04 when calculated by Equations 1, 2, and 3, respectively. The similarity of the EAC values shows that the T N A measurements in the absence of N2 fixation (i.e. pa and p c ) did not alter total electron flow through nitrogenase. Because no differences were observed with calculation method, Equation 1 was used to measure the initial EAC value in each population of nodules, whereas Equation 3 was used to measure EAC in the nodules that were under the treatment pHz. Also note that Equation 2 is the same as that used to calculate EAC in the predictive model. Equations 1 and 2 could not be used to calculate EAC in the experimental study of nodules exposed to high pH2 because this treatment precluded measurements of h and pa.
Using Equation 1, EAC values were determined at 0% H2 for a11 samples prior to subsequent pH2 treatments. No significant differences were observed in these initial EAC values (data not shown), the average EAC value for a11 30 samples being 0.63 f 0.01. Figure 3 shows the effect of pH2 treatment on EAC values calculated by Equation 3. The decline in EAC at higher pH2 was attributed to a significant (P < 0.05) decrease in nf in nodules exposed to 14, 21, and 27.5% HZ ( Fig. 2) . As mentioned previously, values for pc were not affected by pH2 treatment.
A Predictive Model of pH2 Effects on EAC
To assess whether the experimental results of Figure 3 were consistent with the combined effect of (a) competitive inhibition of H2 on NZ fixation and (b) the presence in legume nodules of a physical bamer to Hz, Nz, and 0 2 diffusion, the data presented in Figure 2 were combined with a mathematical model (Moloney and Layzell, 1993) to predict EAC values at various pHz. The predicted EAC values provided a good approximation of the measured values, but were sensitive to changes in the Km(Nz) and Ki(Hz) values used in equations for competitive inhibition. For example, at a K,,,(Nz) of 4% Nz and a Ki(Hz) of 3% Hz, the predicted EAC values were similar to but consistently overestimated the measured EAC values (Fig. 3 ). An improved fit was obtained when the Ki(Hz) was set to 2% in the gas phase (Fig. 3, dotted line) . A close fit between modeled and measured EAC values was also obtained with a Km(N2) of 5% N2 and a Ki(Hz) of 3% Hz, or by assuming that only 60% of the Oz flux used in the calculations of predicted EAC comes from inside the diffusion bamer (data not shown). The decrease in the estimate of 0 2 flux may be justified because a portion of nodule respiration is likely to occur in tissues outside the central, infected zone of the nodule. In addition, in the calculation of Oz flux, this model uses COz efflux data, which were measured 20 to 30 min earlier than the C2H4 evolution rate used in the calculation of EAC. Because TNA declined slightly over this period, it is possible that the value for 0 2 flux used in the model predictions is an overestimate.
To test more fully the capability of the model to account for observed EAC values in legume nodules, it would be useful to incorporate data from experiments in which there are variations in TNA, pOz, and pNz because a11 three parameters are important inputs to the model. Vessey et al. (1988a) reported the results of studies in which EAC values were measured (Eq. 1) in control and nitrate-inhibited nodules adapted over short periods of time (min to h) to p 0~ from 20 to 70%. Because the total atmospheric pressure was maintained at 1 atm, the pNz was varied from 80 to 30% as p0z varied from 20 to 70%. The ability of the model to account for these data is summarized in the following two sections and in Figures 4 and 5 .
A Predictive Model of EAC in Nodules Equilibrated to Various pOz and pNz
In the study of Vessey et al. (1988a) , when nodulated soybean roots were adapted to step increases in extemal p02 from 30 to 70% Oz, no significant differences were observed in TNA (Fig. 4A) . Because nodule respiration was not significantly different between treatments (Vessey et al., 1988a) , nodule permeability to Oz diffusion at 70% Oz was predicted to be only 24% of that at 20% Oz ( External p02 (%) Figure 4 . The ability of a mathematical model of competitive inhibition and gas diffusion (Moloney and Layzell, 1993) to predict the nitrogenase EAC of soybean nodules using measured rates of gas exchange in nodules adapted to various external pOz (Vessey et al., 1988a Eitemal pOp (%) Figure 5 . The ability of a mathematical model of competitive inhibition and gas diffusion (Moloney and Layzell, 1993) to predict the nitrogenase EAC of nitrate-inhibited soybean nodules using measured rates of gas exchange in nodules adapted to various external p02 (Vessey et al., 1988a 1988a). Using measured rates of gas exchange and Km(N2) and Ki(Hz) values of 4% Nz and 3% Hz, respectively (Rasche and Arp, 1989), the model predicted that the infected cell H2 concentration ( H i ) would increase from 2.9 to 23% as nodules were adapted to extemal pOz from 20 to 70% Oz (Fig. 4B) . Because N2 is consumed in nodules, the model also predicted that the infected cell Nz concentration ( N i ) would be consistently lower than extemal pN2 (Fig. 4B) . These changes in Hi and N i resulted in a prediction that the EAC would decline from 0.64 at 20% O2 to 0.37 at 70% O2 (Fig. 4C, dashed line) . The predicted EAC values provided a reasonable fit to the measured EAC values, although EAC values at higher pO2 were underestimated. As in experiment 1, the quality of the fit was sensitive to the kinetic constants used in the model. For example, using a Km(N2) of 4% N2 and a Ki(H2) of 4% HZ resulted in a better fit at the higher p 0 2 values (Fig. 4C, dotted line) . The ability of the model to provide a good prediction of EAC under widely differing nodule permeability values and extemal pNz values provides strong support for the hypothesis that HZ inhibition of N2 fixation is the primary factor responsible for the regulation of EAC in legume nodules.
A Predictive Model of EAC in Nodules Varying in TNA
Numerous studies have shown that when legume nodules are inhibited by a variety of adverse environmental treatments, they decrease their permeability to O2 diffusion, and, thus, nodule metabolism becomes severely Oz limited (Layzell and Hunt, 1990 ). In such cases, increases in extemal pO2 stimulate TNA, and, at least in the short term, only minor changes are observed in nodule permeability.
An example of such an inhibition has been reported by Vessey et al. (1988a) in nitrate-fertilized soybeans. When intact nodulated roots were adapted to increasing pO2, T N A activity was doubled, whereas there was little change in nodule permeability to O2 diffusion (Fig. 5A) . This response differed sharply from that observed in untreated nodules (Fig. 4A) . Therefore, these data provide an opportunity to test the predictive capabilities of the model in nodules that vary in T N A in the absence of associated changes in permeability .
The model was constructed as described above for the control nodules, assuming Km(N2) and Ki(H2) values (gasphase equivalents) of 4% NZ and 3% Hz, respectively (Rasche and Arp, 1989). The predictions are summarized in Figure 5 , B and C. Hi and N i values were less affected by increases in p0z in the N03--treated nodules than in the control nodules (Fig. 5A) . For example, Hi was predicted to be 3.9% H2 at 20% Oz (compared with 2.9% Hz in the control treatment) and 11% HZ at 70% Oz (compared with 23% HZ in the control treatment) (Fig. 58) . The higher predicted Hi at 20% Oz and the lower Hi at 70% Oz were attributed to the consistently lower and more stable nodule permeabilities in the nitratetreated (Fig. 5A ) than in the control nodules (Fig. 4A) . Virtually a11 of the predicted increase in Hi in the nitrateinhibited nodules was attributed to the greater Hz flux that occurred as T N A increased and EAC decreased (Fig. 5C ) in the presence of higher p02.
The predicted EAC values slightly overestimated measured EAC values in the NO3-treatment (Fig. 5C, dashed line) . As in previous experiments, changes in the kinetic constants affected the fit. However, in this case an improved fit was obtained by decreasing the Ki(Hz) to 2% HZ [Km(Nz) = 4% Nz] (Fig. 5C, dotted line) .
The Effect of pN2 on EAC of Soybean Plants at Various p 0 2
In the previous two models of the data of Vessey et al. (1988a) , changes in pNz occurred simultaneously with changes in p02. With such data, it is impossible to test the ability of the model to predict EAC when pN2 is varied independently of p02, or when p0z is varied independently of pNz. To address this problem, EAC (Eq. 1) was measured in intact soybean plants while pNz was varied in nodulated roots adapted to 20,40, or 60% 0 2 (Fig. 6) . The Oz treatments were provided to obtain nodules with differing permeabilities to O2 diffusion.
The T N A values were similar in the 20% O2 (198 f 56 pmol 2e-g-' dry weightnOd h-', n = 5) and 40% Oz (183 f 20 pmol2e-g-' dry weightnOd h-', n = 5) treatments, whereas adapting nodules to 60% O2 resulted in slightly lower T N A Plant Physiol. values (138 & 11 pmol2e-g-' dry weightnd h-', n = 5). The magnitude and similarity of the T N A values in the three O2 treatments provided evidence that the nodules adapted to the increased externa1 pO2 by decreasing their permeability to O2 diffusion. A lower permeability would be expected to restrict both H2 diffusion out of the nodule and N2 diffusion into the nodule, thereby exacerbating H2 inhibition of N2 fixation and decreasing EAC. Consistent with this assessment, the mathematical models that assumed either a closed (Fig.  6A, lines) or an open (Fig. 6B , lines) diffusion barrier structure predicted that EAC values would be lower in nodules at either higher pO2 or lower pN2.
The experimental data (Fig. 6, A and B, symbols) provided the same general trends: at a given pN2, higher p 0 2 values resulted in lower measured values for EAC, whereas at a given p02, lower pN2 values resulted in lower measured values for EAC (Fig. 6) . However, the two mathematical models differed between themselves and with p02 in their ability to provide an accurate estimate of the measured EAC. For example, the closed-pore model (Fig. 6A ) provided an excellent fit to experimental data at 40% O2 and an adequate fit for data at 60% 02, but it underestimated measured EAC values at 20% 0 2 . In contrast, the open-pore model (Fig. 6B ) provided a good fit to experimental data at 20% O2 but overestimated measured EAC values at 40 and 60% 0 2 . The model is sensitive to assumptions about diffusion barrier structure because of the relatively high diffusion coefficients for HZ in air. For example, the ratio of the diffusion coefficient for H2 to the diffusion coefficient for O 2 in the gas phase is 3.6, almost twice that in water (ratio = 2.1; Hunt et al., 1988) . Therefore, in a gas phase H2 diffuses relatively more rapidly than 0 2 . At a given permeability to 0 2 diffusion, a structure having a gas-phase diffusion barrier would let H2 diffuse more easily from the nodule than a barrier composed solely of water, resulting in a lower Ni and thereby less H2 inhibition of N2 fixation. Therefore, nodules
that have an open-pore diffusion bamer structure would likely have EAC values that are less affected by changes in permeability than nodules that have a closed-pore structure (Denison et al., 1992) .
The ability of an open-pore model to provide a better fit to measured EAC in nodules having a high permeability to O2 diffusion (20% O2 treatment) and the ability of the closedpore model to provide a better fit to measured EAC in nodules having a lower permeability to O2 diffusion (40 or 60% O2 treatment) may be indicative of the mechanism of diffusion barrier control. For example, if legume nodules decrease their permeability to gas diffusion by flooding gas-filled intercellular spaces with water (Layzell and Hunt, 1990 ), a decrease in nodule permeability may be associated with a relatively more aqueous path of gas diffusion. Therefore, an increase in diffusive resistance may involve a change from a closedpore to an open-pore diffusion path.
Does EAC Change with TNA?
Studies over the past 10 years have included many reports on the relationship between EAC and T N A in legume nodules. Some (Dixon and Blunden, 1983; Edie and Phillips, 1983; Layzell et al., 1984; Bertelson, 1985; Walsh and Layzell, 1986; Vessey et al., 1988a) have reported that EAC increases as T N A declines, whereas others have observed either little or no change in EAC with T N A (Mahon and Nelson, 1986; Walsh et al., 1987; Vessey et al., 1988b; Diaz de1 Castillo et al., 1992 ) or a decrease in EAC with T N A (Sung et al., 1991) . Those that have recorded an inverse relationship between EAC and T N A have reported changes of 0.1 to 0.4 EAC units in nodules with nitrogenase activity inhibited to 16 to 67% of control values by plant growth at low light intensity (Edie and Phillips, 1983) , fertilizing with NOs- (Vessey et al., 1988a) , changing rhizosphere p 0 2 (Dixon and Blunden, 1983), or altering temperature (Dixon and Blunden, 1983; Layzell et al., 1984; Bertelson, 1985; Walsh and Layzell, 1986) .
In the present study, T N A values measured in the intact plants used in experiment 2 (40% Nz, 20% O2 treatment) were much higher (198 & 56 pmol 2e-g-' dry weightnd h-I, n = 5) than the T N A values measured in the excised nodules in experiment 1 (37 k 3 pmol 2e-g-' dry weightnOd h-', n = 30). However, the EAC values of the nodules in experiment 1 (0.66 & 0.001, n = 30) were significantly higher (P = 0.001) than that measured in whole plants (0.63 & 0.01, n = 5). A regression of predicted EAC versus T N A values from the two experiments showed a small but significant negative correlation (data not shown), equivalent to an EAC decrease of 0.06 units in the intact nodules (high T N A ) compared with the excised nodules (low TNA).
Although these data confirm the model's prediction (Moloney and Layzell, 1993) that EAC in Hup-nodules should be negatively correlated to TNA, the EAC change (0.03-0.06 units) observed over a broad range of T N A contrasts with larger EAC changes (about O. 1-0.4 units) reported previously. Although the reasons for this discrepancy are not known, one important factor is the use of artifactual data in earlier studies. Most of these studies used closed gas-exchange systems for measurements of H2 evolution, ARAS for measurement of TNA, and excised root systems. These methods are now known to result in increases in diffusion resistance during the course of the assay (Minchin et al., 1983; Sung et al., 1991) . If H2 evolution is measured prior to TNA, as it usually is, the T N A would be underestimated relatively more than would H2 evolution, resulting in an underestimation of the EAC values. The degree of TNA, and therefore EAC, underestimation would probably be greater in nodules with high nitrogenase activity because these nodules would have greater diffusion permeability and more capacity to be affected by the assay method. Evidence that T N A values have been underestimated in the past can be seen in a recent review that shows that the development of assay methods using intact, undisturbed plants in open-flow gas-exchange systems have resulted in significant increases in reported T N A (Hunt and Layzell, 1993) .
CONCLUSIONS
The mathematical model described by Moloney and Layzell(l993) and used in the present study was able to provide accurate predictions of the trends that are observed in EAC in soybean nodules exposed to (a) various pH2 (Fig. 3) , (b) a range of nodule penneabilities and pN2 at a constant T N A (Figs. 4 and 6) , (c) a range of pN2 and T N A values at a constant permeability (Fig. 5) , or (d) various pN2 at each of three nodule permeabilities (Fig. 6) . However, no one set of model assumptions was able to provide accurate estimates of a11 measured EAC values considered in the present study. The deviations that occurred between measured and predicted values could be readily accounted for by altering one or more of the following model assumptions: (a) Ki(H2) d nitrogenase (range from 2-4% Hz), (b) K,,,(N2) of nitrogenase (range from 4-5% N2), (c) the proportion of whole-nodule respiration that is allocated to tissues within the diffusion bamer (range from 60-100%), and (d) the use of a model that assumes gas-filled pores in the diffusion bamer. Some if not a11 of these variables may change with environmental and physiological treatments. Therefore, it was concluded that H2 inhibition of NZ fixation, coupled with a diffusion barrier that affects infected cell H2 and N2 concentration, are the major determinants of €AC regulation in legume nodules. If this conclusion is correct, variations in the EAC of legume nodules may be less a matter of in vivo regulation than a consequence of the regulation of nodule diffusion penneability to control nitrogenase activity and infected-cell O2 concentration.
A further test of this hypothesis would be to extend the methods of experiment 1 to the study of Hup+ symbioses. Microelectrode measurements (Witty, 1991) have shown that infected cell H2 concentrations are extremely low in Hup+ nodules, so these nodules should have higher values for EAC than those observed in Hup-nodules. By measuring "N2 fixation and peak C2H2 reduction activity in Hup+ and Hupnodules exposed to various pH2, pN2, and p02, it should be possible to determine the role that the Hup enzyme plays in regulating the efficiency of electron flow through nitrogenase.
